This paper summarizes our knowledge of the structure and biosynthesis of messenger RNA in the slime mold Dictyostelium discoideum, the arrangement of DNA sequences in the Dictyostelium chromosome, and the changes in the pattern of predominant polypeptides synthesized during Dictyostelium development.
Introduction
In the presence of a food source, amoebae of the cellular slime mold, Dictyostelium discoideum, will grow exponentially as a homogeneous population of morphologically identical cells. When such amoebae are removed from nutrients and deposited on the surface of a filter impregnated with a buffer, they synchronously undergo a series of morphologically defined events: groups of approximately 105 cells aggregate to form migrating pseudoplasmodia which subsequently differentiate into fruiting bodies containing spore and stalk cells (1) (2) (3) .
Biochemical studies of this simple differentiating system have been facilitated by two major attributes of the organism: First, Dictyostelium is easy to grow; thus, large quantities of synchronous cells can be obtained from any stage (4, 5) . Second, Dictyostelium is genetically simple: It is haploid and contains only 0.05 pg of nuclear DNA per cell (6) . When Dictyostelium nuclear DNA is analyzed by DNA-DNA renaturation kinetics, 30% of the nucleotide sequences are found to be repetitive, present in 100-300 copies per genome. The remaining 70% renature with kinetics characteristic of sequences present only once per genome. The complexity of the nonreiterated DNA is approximately only seven times the genome size of the bacterium Escherichia coli (6) .
It has been possible to demonstrate that the morphological changes of the life cycle are accompanied by alterations in the patterns of both RNA and protein synthesis. RNA -DNA hybridization saturation experiments show that during the first 20 hr of morphogenesis at least 28% of the nonrepetitive DNA is transcribed. Additional hybridization experiments indicate that there are also changes in the portion of the nonreiterated DNA which is transcribed at different morphological stages (7) . Further, at specific stages during morpho-genesis the specific activities of certain enzymes increase considerably and then remain constant or decrease. Experiments with protein synthesis inhibitors suggest that the increase in enzyme activity is dependent on concomitant protein synthesis (2, 3, 8) . This point has been firmly established for the enzyme UDP-glucose pyrophosphorylase (EC 2.7.7.9; UTP: a-D-glucose-1-phosphate uridyltransferase) (9, 10) . Recent studies in which a combination of RNA synthesis inhibitors are used, suggest, in contrast to earlier results (2) , that there is only a short lag between synthesis and translation of mRNAs for "developmentally regulated" enzymes (11) . The eluate from this column was passed through a second column, and the eluate from this through a third column. Material which did not bind to any of these columns was considered nonbinding RNA. RNA adsorbed to each of these columns was eluted in a low-salt buffer (0.01 M Tris -HCl, pH 7.5; 0.05% sodium dodecyl sulfate). All RNA samples were precipitated with ethanol and dissolved in 0.06 ml of H20. Ten microliters of each RNA were added to a 50-,ul cell-free reaction that contained wheat germ extract and ['4S]methionine (27, 28 Fig. 3) and is, therefore, associated with at least one sequence of poly(A) (16, 17 (Fig. 4) . This RNA also directs synthesis of actin and of the other major Dictyostelium polypeptides whose synthesis is directed by poly(A)-containing RNA. We suspect that these mRNAs are derived from poly(A)-containing RNAs whose poly(A) sequences become short with age (18) .
Synthesis of mRNA
Unlike messenger RNA of metazoan cells, mRNA in Dictyostelium is synthesized as a precursor molecule only 20% longer than is the mRNA itself. This precursor also contains a poly(A) sequence (13, 17) .
In the experiment depicted in Fig. 3 [15] [16] S, or about 2S units faster than the peak of cytoplasmic poly(A)-containing RNA. As determined by sedimentation in gradients containing 99% dimethyl sulfoxide, the average molecular weight of the nuclear poly(A)-containing RNA is 500,000; this is 20-25% larger than the mRNA, which has an average molecular weight of 400,000 (17) . In mammalian cells, over 90% of nuclear RNA labeled during a short pulse of radioactivity is degraded within the nucleus, and is not transferred to the cytoplasm (14, 15) . By contrast, pulse-labeling experiments in Dictyostelium showed that over 70% of the nuclear poly(A)-containing RNA is transferred to polysomes and, hence, is a material precursor for mRNA (17) . This point is substantiated by hybridization experiments in which DNA complementary to mRNA (cDNA) was used; the cDNA was synthesized by reverse transcriptase with oligo(dT) as primer (13, 20) .
When labeled mRNA is hybridized to an excess of cDNA complementary to mRNA, over 90% of the RNA radioactivity is incorporated into an RNA -DNA hybrid and hence is resistant to ribonucleases; this result indicates that the antimessage DNA contains sequences complementary to over 90% of the mRNA species.
When labeled nuclear poly(A)-containing RNA is hybridized to anti-message DNA, 70-75% of the RNA radioactivity was incorporated into the nuclease-resistant form (13) . This result indicates that at least 70% of the sequences in nuclear RNA are in fact found in cytoplasmic mRNA and, hence, that nuclear poly(A)-containing RNA is an informational percursor to mRNA. About 30% of nuclear poly(A)-containing RNA is not found in mRNA, and is presumably destroyed within the nucleus. (17) . Taken together with the fact that most of the nuclear poly(A)-containing RNA is conserved and is transported into the cytoplasm, the present results suggest that it is mainly transcripts of reiterated DNA present-about 300 nucleotides long-in the nuclear RNA molecules which are lost preferentially at some stage before the RNA leaves the nucleus (13, 17 (Fig. 5) (22, 23) . Nucleotide analysis of the putative poly-(A)loo and poly(A)25 labeled with 32p showed that they indeed were poly(A) sequences (23 (23) . Pulse-labeled nuclear poly(A)-containing RNA also contains two classes of poly(A) sequences (Fig. 5) . One class is about 25 nucleotides long-precisely the same size as in mRNA. The other class is very heterogeneous and contains some sequences migrating at about 6 S [poly(A),5o] which are larger than is found in mRNA, and also material smaller than that isolated from mRNA; possibly the intermediate (2-4S) sized material represents nascent, growing poly(A) chains. Based on calculations similar to those for mRNA, we conclude that each molecule of nuclear poly(A)-containing RNA (isolated from pulse-labeled cells) contains one sequence of poly-(A)25 while only one molecule in three contains a longer poly-(A) sequence (13, 23) .
Since all of the nuclear poly(A)-containing RNA molecules are precursors to cytoplasmic mRNA molecules which contain both a poly(A)2z and poly(A)1o0 sequence, it would appear that the poly(A)1oo sequence would be added after transcription of the RNA, as in mammalian cells. As is shown later, the poly(A)25 sequences are encoded in the nuclear DNA and are transcribed by RNA polymerase.
The experiment in Fig. 6 shows that the poly(A)100 sequences are added just before the RNA exits from the nucleus.
Following addition of [3H]adenosine to vegetative cells,
radioactive poly(A)1oo sequences, attached to mRNA, appear in the cytoplasm after only a 2-min lag period. By contrast, labeled poly(A)25 sequences and labeled nonpoly(A) segments OL mRNA are found in the cytoplasm only after a 4-min lag. These results mean that it takes 4 min for a mRNA precursor molecule, containing a poly(A)25 sequence, to be processed and be transported from the nucleus. The poly(A)1oo_1ro sequence is added during the final 2-min period in the nucleus, perhaps coincidentally with the loss of the repetitive transcript at the 5' end. Poly(dT)25 sequences in Dictyostelium DNA Dictyostelium DNA contains sufficient poly(dT) sequences of approximate size to encode the poly(A)25 sequences in mRNA (13, 23) . To demonstrate this, 2P-labeled Dictyostelium DNA was depurinated (24) and poly(dT) sequences were purified by poly(A)-Sepharose chromatography. In this fraction was 0.3% of the DNA radioactivity. The DNA ['H]poly(rA) hybrid showed a very broad thermal melting profile with a Tm of 450 (13) . This is 170 below the value of 620 obtained for long hybrids of poly(dT) . poly (rA) and is consistent with the notion that the sequences of hybrids poly(dT) -poly(A) are very short. This result, in itself, however would be consistent with mismatching. Since the amount of poly(dT) in Dityostelium DNA was the same (0.3%) whether determined by depurination (Fig. 5) From the above data and the nuclear genome size of Dictyostelium (30 to 35 X 109 daltons, ref. 6 ), we calculate that 3.6 X 105 dTMP residues per genome are in poly(dT) sequences. This is equivalent to 15,000 sequences of poly-(dT)25 per genome.
The Dictyostelium genome could encode about 30,000 proteins of average size 40,000 molecular weight. Since previous work indicated that about half of the DNA is transcribed into mRNA (7), it appears that there is, on the average, one poly(dT)25 sequence in the Dictyostelium genome per mRNA encoded. Additional hybridization experiments showed that the poly(dT) sequences are interspersed throughout the genome, and not clustered in one region (23) . Thus, it appears that most DNA sequences coding for mRNA terminate with a poly(dT) sequence, as is indicated schematically in Fig. 2 .
Chromosome structure
The present results show clearly that in at least one eukaryotic protist, Dictyostelium, the nuclear precursor of mRNA is only about 20% larger than the mRNA itself. Our results strongly suggest that the nuclear poly(A)-containing RNA of size 500,000 daltons (mRNA precursor) is a primary transcription product, and is not derived by processing from a precursor which is significantly larger. We have not been able to recover the 5' triphosphate terminus of the putative primary tran-script. However, when mRNA precursor is synthesized in isolated nuclei, under conditions where no degradation of RNA is detectable, the in vitro synthesized product is identical in size to its in vivo counterpart (22) .
The majority of nuclear poly(A)-containing RNA is apparently conserved during processing and appears in the cytoplasm as mRNA. About 75-80% of the sequences in nuclear poly(A)-containing RNA are conserved and transported into the cytoplasm, whereas the remaining material never leaves the nucleus and is presumably destroyed.
Our results indicate that about 25% of nuclear poly(A)-containing RNA is transcribed from reiterated DNA. Furthermore, the 5' ends of nuclear poly(A)-containing RNA are enriched in reiterated transcripts (17) . Our results are most consistent with the notion that, before the bulk of nuclear poly(A)-containing RNA is transported into the cytoplasm, about 300 nucleotides are removed from the 5' end. The cleaved portion is greatly enriched in repetitive transcripts.
The mechanism of synthesis of mRNA in Dictyostelium is summarized in the model in Fig. 2 . As synthesized initially, the mRNA contains a sequence of about 25 adenylic acid residues near the 3' end. It is very likely that this poly(A)25 sequence is encoded by the Dictyostelium DNA. Subsequent to transcription, a larger sequence of poly(A) is added at the 3' end. This poly(A)1oo is not encoded by the DNA, but the poly(A)25 is most likely transcribed from the DNA by RNA polymerase. The poly(A)1o0 may be added coincident with the loss of the repetitive sequence at the 5' end, but the exact sequence and timing of poly(A) addition, loss of repetitive transcripts, and transport of mRNA into the cytoplasm is not known.
Previous hybridization experiments showed that over 56% of the single copy DNA is transcribed at some time during vegetative growth or during development up to culmination (20 hr) (7). Our results showed that approximately 80% of the pulse-labeled nonribosomal RNA contains at least one poly-(A) sequence. We assume that a majority of single copy DNA sequences, themselves present in whole cell RNA, are also transcribed into RNA molecules which contain a poly(A) sequence.
Thus, all of the transcripts of single copy DNA contain, in the same molecule, transcripts of repetitive DNA, with the majority of the repetitive sequences at the 5' end of the molecule.
We conclude that a large fraction of the repetitive and single copy DNA sequences are interspersed throughout the genome. This is also illustrated by the model shown in Fig. 2 . Repetitive sequences (R) of about 300 to 350 nucleotides are associated with single copy (SC) sequences of average 1000 to 1100 nucleotides. We believe that the 15,000 sequences of poly(dT)25 in the genome correspond to the 3' end of the transcribed mRNA and that they may well represent a transcription termination signal.
The unit RSC A25 is the primary transcription unit in Dictyostelium (13, 23) . We believe that since less than 100% of the genome has been found to be transcribed, there is a spacer unit in between the primary transcription units, although we have no direct evidence for it. This chromosome model is very similar to the known size and organization of the interspersed repetitive and single copy sequences in Xenopus (25) and is consistent with a similar analysis of the Dictyostelium genome (Firtel, unpublished data) .
Since, by definition, each repetitive sequence R is present (on the average) in about 100 copies per genome, it is reasonable to assume that the same (or very similar) sequence must be found associated with about 100 single copy sequences, if they are all interspersed. We can speculate that these repetitive sequences are important in gene regulation and perhaps are analogous to promotor or operator sequences in prokaryotes. A regulatory protein which binds to one such reiterated sequence could be involved in turning on or off the transcription of about 100 genes during differentiation. Such a function of the reiterated DNA was first proposed by Britten and Davidson (26) .
